Chemistry quickly moves from a molecular science to a systems science. This requires spatial and temporal control over the organisation of molecules and molecular assemblies. Whilst Nature almost by default (transiently) organises her components at multiple different length scales, scientists struggle to realise even relatively straightforward patterns. In the past decades, supramolecular chemistry has taught us the rules to precisely engineer molecular assembly at the nanometre scale. At higher length scales, however, we are bound to top-down nanotechnology techniques to realise order. For soft, biological matter, many of these top-down techniques come with serious limitations since the molecules generally show low susceptibilities to the applied stimuli. A new method is based on liquid crystal templating. In this hierarchical approach, a liquid crystalline host serves as the scaffold to order polymers or assemblies. Being a liquid crystal, the host material can be ordered at many different length scales and on top of that, is highly susceptible to many external stimuli, which can even be used to manipulate the liquid crystal organisation in time. As a result, we anticipate large control over the organisation of the materials inside the liquid crystalline host. Recently, liquid crystal templating was also realised in water.
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Introduction
Nature has the fascinating ability to precisely create an incredible range of complex structures on multiple length scales from molecular building blocks such as DNA, RNA, proteins, sugars and lipids. These essential bricks and the assembled hierarchical structures they generate are able to perform numerous functions, such as providing (electrical) communication, structural integrity and nutritional transport. Interestingly, Nature built the machinery to carry this out from a molecular to a cellular level and up to the organism level itself. Life in a macroscopic sense can only function if the structural organization of these molecular building blocks is precisely controlled in space and time.
Nowadays, scientists try to apply Nature's approaches to the playground of the lab. In soft matter, examples like 1D selfassembling supramolecular and polymeric materials are examples where individual building blocks are brought together by delicate covalent and non-covalent interactions, forming larger hierarchical assemblies. These individual building blocks can be chemically modified to introduce a range of specific characteristics to the assembly (mechanical stability, electro-optic response, biofunctionality, etc.), allowing ultimately for engineering of desired functions into the assembled structure. As a consequence, the macroscopic organization and their coupled functionality allows these soft materials to be used for a wide array of applications, ranging from sensing devices (which are able to pick up tiny amounts of specific biomolecules in solution), the creation of artificial tissue up to materials printed on plastics which are able to convert solar light into electricity. Due to their ease of processability and versatility in introducing specific properties and functions, these types of soft materials have the potential to provide a cost-effective alternative to many currentday inorganic solid-state devices. [1] [2] [3] [4] [5] Despite the advantages that polymeric and supramolecular materials offer, a key aspect that holds back their application is the difficulty in controlling the spatial organization of these assemblies across multiple length scales. 3, [6] [7] [8] Although the order within the assembly (nanometre scale) is often extremely high, when dissolved most supramolecular materials form macroscopic assemblies. Examples where spatial control at larger length scales is highly beneficial or even crucial for device performance are in opto-electronic devices, [8] [9] [10] [11] as well as in tissue engineering. In the latter for instance, a macroscopically organised polymer scaffold is necessary for the growth of highly aligned tissue, such as muscle fibers and neural tissue. [12] [13] [14] [15] [16] [17] [18] This work reviews recent advances in the field of liquid crystal templating (LCT). First, we briefly summarise the common (top-down) approaches to enforce macroscopic order in (soft) materials. Many of these techniques are difficult to apply to (aqueous) soft matter, which often is delicate and shows low susceptibilities to externally applied triggers. A new method is based on liquid crystal templating. In this hierarchical approach, a liquid crystalline host that is readily ordered and aligned serves as the scaffold to organise polymers or assemblies. The recent successful application of LCT in water makes this technique compatible with the biomaterials fields. In addition to focusing on templated alignment in aqueous and non-aqueous solutions, we will discuss how complex patterns can be made and how the liquid crystalline template may be used to dynamically change the alignment in time.
Organising soft matter
To spatially control the hierarchical organization of (soft) materials, many strategies have been developed. As a classical top-down technique, photolithography is able to create welldefined features down to B10 nanometre resolution on a high throughput basis, but clean rooms are needed and application of high UV doses to various biomaterials is a concern. 17,18 Soft lithography is a flexible cost-effective alternative, as it is compatible with fragile biomaterials although creating complex patterned devices remains challenging due to limited in-plane registration during multiple stamping steps. 14, 18 By using complex patterned electrodes, electric fields are a great candidate to realise complex structures. Each individual pixel can be locally manipulated (analogous to liquid crystal display technology). Unfortunately, many soft materials possess low susceptibilities to electric fields, which require the use of very unpractically high fields. Furthermore, in (ion-rich) aqueous solutions, especially when using strong electric fields, parasitic heating effects (Joule and dielectric heating) can disrupt molecular self-assembly processes, cause electrochemical degradation or simply can easily destroy the material all together.
Magnetic fields are better suited since they do not suffer from such disruptive (temperature) effects. Other advantages are that it is a contact free technique, it works in large volumes (while surface-oriented techniques only have a finite working distance) and off-plane alignment is easily possible. One major drawback is that it is impossible to make complex patterns on multiple length scales of soft matter with this technique. Secondly, many soft materials have low susceptibilities to magnetic fields (as similar to electric fields), resulting in the need for very high and power-consuming fields to align these materials. Consequently, examples of alignment of soft matter in aqueous and non-aqueous solutions using electric fields [19] [20] [21] [22] [23] [24] [25] and magnetic fields [26] [27] [28] [29] [30] (Fig. 1 ) are relatively limited.
Electrospinning is a very useful technique since it is able to align materials processed from a wide range of solvents into high aspect ratio fibers. [31] [32] [33] [34] In addition, it can be integrated with patterned substrates and electric and magnetic field setups, which locally align the electro-spun fibers into basic in-plane patterns (Fig. 2) . The creation of more complex patterns on micron length scales is still challenging.
Lastly, shear flow 9,12 is a very practical technique used to align soft matter, although often the compound needs to possess some anisotropic (or even liquid crystalline) characteristics to retain the organisation after the mechanical field has been removed. Unfortunately, similar to magnetic fields and electrospinning, it is very difficult, if not impossible to make smaller complex patterns on smaller micron-sized length scales.
The brief discussion of these techniques does not do justice to their development and opportunities, since all have specific advantages that make them very useful for specific situations. Many, however, also suffer from disadvantages, ranging from limited control over the organisation to practical challenges regarding equipment. An ideal alignment technique should combine the advantages of being compatible with a wide range of materials (especially fragile biomaterials);
having the ability to create complex patterns on multiple length scales, preferably in three dimensions and also dynamically addressable;
facile operation in any basic laboratory. One alignment technique that potentially does have these combined advantages is liquid crystalline templating (LCT).
In this relatively new strategy, a liquid crystal (LC) host templates the organisation of the desired material. In turn, the organisation of the LC host is readily manipulated by a range of techniques that can be borrowed from the field of LC science and engineering. Addressing the LC host directly impacts the organisation of the guest. In the remainder of this review, we provide several examples of LCT and discuss its scope and limitations, but first, we briefly introduce the essentials of liquid crystals in the following section.
Liquid crystals

Order in liquid crystals
The liquid crystalline phase is a state of matter in between the solid and liquid phase; it has both solid-like ordering and fluid properties of a liquid ( Fig. 3 ). LCs can be classified by their physical properties. The active materials in the heart of LC display devices are so called thermotropic LCs that typically consist of anisotropic molecules, predominantly rod-shaped or discotic. In the absence of a solvent, the liquid crystalline molecules or mesogens organise into a range of LC phases dependent on the temperature. In the least ordered phase, the nematic phase, the mesogens only possess orientational order. In micron-sized domains, all molecules align in one direction, which is defined by the director ñ ( Fig. 3 ). A chiral nematic or cholesteric phase is characterised by a twist in the position of the molecules perpendicular to the director and is typically formed by chiral LCs or by the addition of a chiral dopant. Besides orientational order, mesogens can also have positional order, where the molecules have translational symmetry, resulting in a range of so-called smectic phases (1D positional order) or columnar phases (2D positional order). Commonly found examples (SmA, SmC and Col h phases) are shown in Fig. 3 , but an elaborate overview of the many liquid crystalline phases and sub-phases has been published by Davis and Goodby. 35 On heating from the crystalline phase, a liquid crystalline material undergoes one or more phase transitions into one or more mesophases, stepwise decreasing its order, until eventually it reaches the isotropic phase where all positional and orientational order is lost. Due to the long-range interactions between LC mesogens, which span many micrometres, a multitude of mesophases can be distinguished under a polarised optical microscope. In the liquid crystalline material, the difference in the refractive index parallel (or extraordinary, n e ) and perpendicular (or ordinary, n o ) to the director ñ of the LC phase, also called the birefringence Dn = n e À n o , creates interference patterns of light in the visible range. In the polarising optical microscope, the birefringence together with defects that are characteristic of the symmetry of the LC phase gives rise to patterns that are unique for every mesophase. 36 As such, polarising optical microscopy has become an important tool to analyse the phase structures of LCs. Fig. 4 shows some examples of microscopy images of characteristic textures that correspond to the mesophases schematically drawn in Fig. 3 .
Lyotropic and chromonic liquid crystals
Another class of liquid crystalline materials are so-called lyotropic LCs. In contrast with thermotropic LCs, mesophase formation in lyotropics depends on both temperature and the concentration of the compound in a solvent. A sub-class of lyotropic LCs comprises amphiphilic mesogens, which are molecules that are composed of separate hydrophilic and hydrophobic sections, including some common soaps. At sufficient concentrations (above their so-called critical micellar concentration), these molecules form rod-shaped or disk-shaped micelles, where the organization is governed by the polarity of the solvent: in polar solvents, the hydrophilic section is in contact with the solvent whilst the hydrophobic part aggregates to minimise contact; and vice versa in apolar solvents. At increasing concentrations these micelles self-organise into hierarchical liquid crystalline structures ( Fig. 5 ), for instance in hexagonal or in lamellar arrangements. 37 Such amphiphilic lyotropic LCs can be found in countless examples all around us, ranging from soap solutions (in which micelles are able to encapsulate non-polar compounds in water) up to the formation of higher ordered bilayer membranes in living cells from such amphiphilic molecules.
Another interesting class of lyotropic LCs are so-called chromonics or lyotropic chromonic LCs (LCLCs). LCLCs are rigid board-like molecules consisting of aromatic cores with water-solubilizing groups on the periphery. To minimise contact of the aromatic core with water (hydrophobic interactions) supported by p-p interactions, they stack face-to-face in columnar aggregates (Fig. 6 ). The spacing between the individual stacked mesogens for such materials is about 3.4 Å, 38 which is roughly the van der Waals distance between aromatic rings. Aggregation is predominantly uniaxial, since the (negative) charges at the periphery of the stack repel each other. At certain concentrations and temperatures, however, the stacks line up and form LC phases ( Fig. 6a and b ). 39, 40 These phases include nematic, smectic, columnar and cholesteric-like phases, but these particular phases are not composed of single mesogens, but rather of columnar stacks that contain tens to hundreds of LCLC molecules. 38 Due to their often rigid aromatic cores, many of them are highly absorbing in the visible range and, in fact, many commercial organic dyes have also shown LCLC behaviour. As another example, both DNA and RNA can be considered as polymers with side-chain chromonic LC pendants. For liquid crystal templating, LCLCs are particularly interesting, since they allow templating in an aqueous environment, which is required for the organisation of biomolecules and materials, but lack soap-like assembly interactions.
One of the first molecules to be studied in detail was disodium cromoglycate (DSCG, Fig. 6c ), which was earlier discovered to be an effective anti-asthmatic drug. 41 At room temperature, it forms a nematic phase at about 12 wt% in water and despite its aromatic structure it is optically transparent in the visible range. The second most widely studied chromonic is Sunset Yellow (SSY, Fig. 6e ), a brightly orange coloured compound that is applied commercially as a food dye. Both DSCG and SSY have very similarly shaped phase diagrams ( Fig. 6d and f), 39, 42 although SSY forms room temperature nematic mesophases at much higher concentrations (30 wt% in water). On the other side of the spectrum, some chromonics are able to form LCLC phases at far lower concentrations, such as benzopurpurin 4B (0.4 wt%), 43 IR-806 (0.5 wt%) 44 and pinacyanol acetate (0.75 wt%). 45 The columnar LCLC aggregates can be aligned in-plane and homeotropically through various surface treatments, [46] [47] [48] [49] although controlling the surface anchoring of these materials remains a challenge since the anchoring energy of these phases on conventional surfaces is very weak compared to conventional thermotropic LCs (1 to 2 orders of magnitude weaker) 50 and the induced alignment is often not stable over time. 47, 48, 51, 52 Lastly, anisotropically shaped (rod-or plate-like) minerals can form LC phases when dispersed at sufficient volume fractions in a solvent. Here, phase formation does not depend on molecular interactions, but is simply the result of entropic excluded volume interactions, as predicted by the Onsager theory. 53 Examples of such colloidal or mineral liquid crystals are goethite and beidellite, which both form liquid crystalline phases at sufficient volume fractions in water at room temperature. 54, 55 Their sizes are much bigger than the size of other conventional molecular LCs and, since Brownian motion plays an insignificant role in these relatively large particles, temperature has a marginal effect on the stability of these phases. Due to their sizes and relatively high densities (as for moderate aspect ratio particles), the rod-shaped, board-shaped or disc-shaped nanoparticles slowly sediment to the bottom of a solution. Colloidal LCs typically show high susceptibilities and they can be easily addressed by both low magnetic and electric fields. 56, 57 
Liquid crystal applications beyond displays
LCs have the unique ability to form domains whose orientations can be directed and extended to much larger length scales by applying external fields (electric, magnetic, shear) or directing surfaces (such as rubbed polyimide or photosensitive command layers), resulting in a uniformly aligned mono-domain at macroscopic length scales. The intrinsic anisotropy and ease of manipulation of their alignment forms, together with their optical properties, the basis of a wide range of applications.
The key example is the development of liquid crystal display TV screens. Inside the displays, thermotropic LCs are uniformly aligned by a directing surface (for example rubbed polyimide) and its local orientation is switched by individual electric fields on a patterned electrode setup. As a result, the orientation of LCs in each compartment (or pixel) can be individually addressed, resulting in an on-off switch for local light transmission.
The ability to manipulate the organization of LCs in time and space can be used to create stimuli-responsive materials that are manipulated by heat or light, for instance in LC polymer networks. [58] [59] [60] [61] [62] [63] [64] [65] Using photosensitive anisotropic surfaces, these liquid crystalline networks can be organised across multiple length scales and by applying external stimuli (such as heating to the isotropic phase or by excitation of an incorporated photosensitive molecule), the local LC director is locally altered. As a result, the material deforms macroscopically in all three dimensions ( Fig. 7 ) and a variety of complex shapes have been reported. Because a range of external stimuli can be transferred into programmable mechanical motion, these materials are very promising as low-cost mechanical components in microtechnology applications.
Besides actuation, LC polymers also find application in optical sensing. By introducing chirality into the LC polymer, circular polarised light (corresponding to the pitch length of the elastomer) can be selectively reflected by these materials. A change in the environment (by a temperature change, under specific light illumination and/or in the presence of analytes) induces an alteration of the pitch length. The change in pitch induces a shift in the wavelengths of the optical reflection, which results in a macroscopic colour change. This simple, often reversible process makes this class of smart materials ideal candidates for low-cost sensing devices. 66 In addition to the aforementioned applications, thermotropic LCs have also been used in biomedical engineering and sensing devices within biological environments. [67] [68] [69] The group of Nicholas Abbott and others have pioneered this field with their work on thermotropic LCs that detect a wide range of biological entities such as bacteria, 70 viruses, 70,71 cells, 72 DNA, 73 proteins, 74, 75 endotoxin 76 and lipids 77, 78 present in aqueous solutions. In general, when a biological interaction takes place along the interface between a thermotropic LC and the aqueous solution, the local orientation of the molecules is altered, which results in LC reorientation over much larger length scales. This signal is then easily picked up by observing the change in the optical texture under a polarised optical microscope (Fig. 8 ). The use of non-water miscible liquid crystals restricts this type of sensing platforms to interfaces.
Unfortunately, many thermotropic and amphiphilic LCs that act as detergents are toxic to living matter, 79, 80 making in situ application of bulk LCs with these fragile biomaterials challenging. In the last few years, however, the focus to realise these types of applications has shifted towards chromonic lyotropic LCs. These materials do not form micelles but rather form elongated stacks with charges along their periphery. As such, they do not insert in the apolar bilayer membranes of living cells, which renders these materials much more compatible in a wide range of biological conditions, 75, 80, 81 even allowing for manipulation of living materials [82] [83] [84] [85] and the detection of biological events. 86 Besides these examples, there are many emerging applications in the LC field. Particularly exciting examples are the creation of LC nanostructured materials for electric storage and waterfiltration applications [87] [88] [89] and LC colloidal assembly for a wide range of photonic applications. [90] [91] [92] [93] For examples of other LC-related topics and applications, the 2012 review of Lagerwall and Scalia is highly recommended. 94 
Liquid crystal templating
A breakthrough in the efforts to macroscopically organise materials was the work of Kresge and co-workers, who condensed tetraethoxysilane in the presence of a surfactant and obtained hexagonally ordered honeycomb structures. 95, 96 After removal of the surfactant, macroscopically ordered crystalline mesoporous materials with pore diameters of 1.5-10 nm were obtained. In this early work, the surfactant (a lyotropic liquid crystal) acts as a template to direct the crystallisation process. Since the discovery, 25 years ago, numerous LC templates based on surfactants (nanopores, o10 nm) or block-copolymers (o100 nm pore dimensions) have been employed to control and direct the organisation of inorganic (mesoporous) materials. The type, composition and concentration of the LC template determined the symmetry of the mesophase and, as such, the structure and connectivity of the porous structure inside the material. Mesoporous materials obtained by LCT and their applications, for instance in hydrogen or CO 2 storage, energy conversion, life sciences, all the way to catalysis have been widely reviewed [97] [98] [99] [100] [101] [102] and will not be further discussed here. A more recent, very interesting development in this field is the use of biomacromolecules as a mineralisation template, which offers the opportunity to employ Nature's complex hierarchical selfassembled structures as LC templates. 103 An alternative interpretation of the term liquid crystal templating considers the response of a (macro)molecule or particle in a highly ordered liquid crystalline environment. If possible, the foreign molecule will most likely end up in a defect, a region of lower order with a reduced energetic penalty compared to the bulk. When LC phases with a highly ordered defect structures are used, for instance the so-called blue phases, the defect pattern acts as a long-range ordered template. Using this strategy, polymers have been polymerised in the defects, yielding so-called polymer-stabilised LC phases. 104 The aforementioned blue phases greatly benefit from the polymers in the defects as their stability (and application) window has been shown to increase from o1 1C to more than 200 1C. Also, nanoparticles 105 as well as micron-sized particles 93, 106 are known to migrate to defects in the liquid crystalline structure to minimise the energy of the system, where the latter have been polymerised to form complex 3D structures. [107] [108] [109] This exciting field allows for templating at much larger length scales, truly bridging the gap from molecular assembly to device dimensions.
In the remainder of this section, we will restrict ourselves to the organisation of soft materials in bulk-aligned LC phases. The liquid crystal serves as an organizational template for other functional non-liquid crystalline materials that, under other circumstances (in other words, in an isotropic solvent), would form isotropic structures. Through elastic-mediated interactions and reorientational shear forces, the LC template is able to direct the organization of dispersed or dissolved materials ( Fig. 9a and b). Consequently, the dissolved or dispersed materials will display anisotropic properties: optical, electrical and/or mechanical. Although other phases are not fundamentally excluded, the vast majority of this type of macroscopic templating has been carried out in the lowest ordered nematic phase or its chiral equivalent, the cholesteric phase.
In addition, the LC template itself can be readily manipulated by conventional external stimuli such as directing surfaces and shear flow. Of course, classical LC stimuli such as electric and magnetic fields can be used to control the organisation of the template (Fig. 9c and d) . As a result of the long range cooperative interactions and anisotropic polarizability of the LC, the fields required to address the template are commonly many times smaller than the fields necessary to drive the (inherently low susceptible) target towards anisotropy.
When is the liquid crystalline templating technique an appropriate approach to generate (hierarchical) long-range order in the materials? And when can the technique be truly beneficial over the techniques described in Section 2? First, let us look at the requirements for successful LC templating (LCT). We need two ingredients. Since the elastic forces at the basis of the techniques are limited, uniaxial alignment of a solute in the LC matrix requires either a relatively shape persistent and anisometric solute (like a nanorod, carbon nanotube, rigid polymer, etc.) or, alternatively, an anisotropic growth or assembly of the solute followed by subsequent aggregation or crystallisation which prevents going back to an isotropic structure. The second requirement would simply be the compatibility of the solute with the liquid crystalline solvent. In this sense, compatibility should be no more than solubility, or at larger length scales good dispersibility. Optimisation of the solute/LC solvent pair may not be necessary, since LCT does not depend on mutual specific interactions, but rather depends on elastic forces in the LC matrix. In addition, LCT is readily applied. Any basic laboratory is likely to be fully equipped for the technique. As a result, it has the potential to be scaled-up to highthroughput fabrication, as it is currently used in the manufacturing lines employed in LC display production.
Compared to other techniques, one of the main advantages of LCT includes local manipulation of the template (for instance using standard LC display technology), which opens the route towards organizing materials over multiple length scales in complex patterns and control over the organisation in time. Before we address these opportunities in Section 5, we first discuss common alignment techniques for LCT (Section 4.1) and important examples in the literature (Section 4.2).
Liquid crystal alignment techniques
The first step in LCT is to control the microscopic and macroscopic organization and the alignment of the liquid crystalline template (which is commonly crucial for any LC application). The most-used approaches in LCT use the substrate to align the bulk material. They are briefly discussed below:
Rubbed polyimide. In the last few decades, rubbed polyimide has been the prime alignment technique for LCs and templates alike. It is very effective and its application method (spincoating, curing and rubbing) is relatively straightforward. Rubbing has been used for many years in the mass-manufacturing LC display industry. Most spin-coated polyimides give rise to random planar alignment, although nowadays any pre-tilt angle can be realised with different (mixtures of) polyimides. 110 By unidirectionally rubbing polyimide with a piece of velvet or an abrasive pad, grooves are created and the top polymer layer is reoriented due to the applied shear force. 111, 112 These anisotropic (molecular) topographies cause the mesogens to anchor in-plane unidirectionally on such surfaces and, as a result, the surface ordering is extended into the bulk solution for a distance of up to roughly 100 microns. 68 Self-assembling monolayers. For homeotropic alignment on a substrate, it is often convenient to employ self-assembling monolayers (or SAMs). These molecules are commonly built up from molecules composed of a long aliphatic tail and a functional head group (such as thiol or silane) that covalently binds to a substrate. For many liquid crystals, the long alkyl tail provides homeotropic anchoring conditions. Shorter tails give planar alignment, but then require additional topological structures to induce unidirectionality. 113 Photo-addressable command layers. Despite the ease of using rubbed polyimide surfaces for LC alignment, complex patterning over multiple length scales with this technique is practically impossible, since it is mechanically extremely difficult and very time-consuming to rub polyimide locally with precise, micron-scale patterns. An excellent alternative is the use of photoalignment techniques with so-called photo-addressable command layers. One important step forward showing the high-throughput mass market potential of command layers was when Sharp implemented this non-contact LC alignment technique in 2009 in favour of mechanical rubbing of polyimide for the massproduction of their next-generation LC display TVs. 114 In general, command layers are polymers functionalised with photosensitive groups such as cinnamates, coumarins and azobenzenes 115, 116 that can be spin-coated on a substrate. Cinnamate-and coumarin-functionalised polymers can undergo a [2+2] cycloaddition crosslinking reaction when subjected to light. When linearly polarised light is used, these command layers are crosslinked in a specific orientation with respect to the polarization of the light, resulting in an anisotropic molecular topography of the command layer. In the case of azobenzenefunctionalised polymers, the chromophores undergo lightmediated reversible cis-trans isomerization. When embedded within a (spin-coated) polymer matrix and when subjected to linearly polarised light, these moieties undergo subsequent reversible cis-trans isomerisation reactions until they are oriented with their long axis perpendicular to the plane of the linearly polarised light. By using multiple illumination steps and by using photomasks, command layers can be locally aligned in-plane in any pattern with domain sizes ranging from micrometres to centimetres. Using this technique, command layers can be spin-coated over a wide range of surfaces, including patterned electrode substrates, curved substrates and even in confined geometries, where traditional alignment techniques form a challenge. 115 Recently, also plasmonic metamasks have been used to generate complex patterns in one go, avoiding the need of multiple illumination steps. 117 Command layers have been used to control the organization of thermotropic LCs, 118 as well as aqueous LCLCs 119-122 such as DSCG. 123, 124 In the latter case, a surfactant is needed which anchors to the hydrophobic command layer interface and couples the in-plane organization of the patterned layer to the hydrophilic LCLC. 125, 126 Electric and magnetic fields. Besides directing surfaces, both electric and magnetic fields can be used to align LC templates, which in turn align the dispersed materials by reorientational shear forces and elastic interactions. In electric fields, LCs align due to their own permanent electric dipole moment. Even if LC molecules do not possess such permanent dipole moment, the application of an electric field induces a small dipole moment in the often highly polarisable molecules, which allows for alignment perpendicular or parallel to the field. Analogous to electric fields, magnetic fields can also align LCs due to their intrinsic magnetic dipole moment or induced magnetic dipole moment by the application of a field.
Electric or magnetic fields used for LC template alignment have the advantage that they are contact free methods, i.e. no specific surfaces are needed within the sample holder or LC cell. Secondly, both fields are effective in the bulk of a sample. They can therefore be used to align much larger volumes of LC templates (and dispersed functional materials) in comparison to polyimide rubbed cells, where surfaces in general can only direct LCs up to 100 microns. 68 Furthermore, off-axis alignment is straightforward by tilting the sample in any orientation with respect to the field. Homogeneous and inhomogeneous magnetic fields can be altered in space and/or time (by controlling the rotation of the sample and/or by changing the frequency of the field), allowing even more complex LC template organizations.
The additional advantage of using electric fields is that by using complex electrode-pattern setups, a complex and dynamic local organisation can be realised, especially when used in combination with directing (polyimide or command layers) surfaces. The LCs can then be switched between several orientations, in-plane and homeotropic, which also is the main technological feature behind LC display technology. An additional advantage arises when electric fields are applied to an LC template. In this situation, the dispersed functional material within the aligned template can physically bridge the electrodes, after which this material can act as a transducer in a biosensor or as a transistor in molecular electronic devices.
In the next paragraphs, we will discuss a number of LCT examples in thermotropic and lyotropic chromonic liquid crystals. The latter gives access to start organising biomaterials.
LC templating in thermotropic liquid crystals
The last 15 years has seen numerous examples where LC templating has been used to organise a range of non-aqueous organic soft materials (those that themselves do not possess liquid crystalline character) on a macroscopic scale. 10, [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] A few of these key examples are highlighted below.
First of all, the group of Kato has shown that by incorporation of self-assembling materials within thermotropic LCs, so-called LC physical gels can be created 10 in which the nematic LC host (aligned by rubbed polyimide) shows much faster responses when an electric field is applied (Fig. 10) . 127 Besides improving electrical responses of LCs, LC physical gels have also been applied in rewritable light-scattering devices. 131, 144 A beautiful example was demonstrated by the group of Akagi, who used a chiral LC to template the polymerization of acetylenes into helical super-structures ( Fig. 11 ). Besides the creation of complex, intertwined helical structures at multiple length scales, the polyacetylene films were electrically active; they showed high electrical conductivity as a result of their templated organization. 133 This example also clearly demonstrates the ''stiffness'' requirement of LCT. Here, the polymers separate from the LC template solvent and aggregate to form rigid, shapepersistent structures. In this case, the structures are so stable that removal of the template does not destroy the formed ordered structures. This is not necessarily the case for less strongly aggregated polymers or assemblies.
Looking at other semiconducting p-conjugated polymeric materials, poly(3-hexylthiophene), a key component in organic solar cells (where spatial distribution of donor and acceptor materials is essential), was incorporated in a block copolymer. 142 When templated by a nematic LC on a rubbed polyimide surface, highly anisotropic absorption and polarised photoluminescence emission emerged, due to induced macroscopic alignment of poly(3-hexylthiophene) fibrils.
LC templating in LCLCs: organising soft matter in the aqueous phase
With the LCT approach discussed in the previous paragraphs, alignment of (soft) matter in the aqueous phase is much more challenging. This is unfortunate, since applications that could benefit from highly (uniaxially) organised environments are plentiful, including tissue engineering and biosensors. In order to utilise the LCT approach in these aqueous solutions, watersoluble mesogens are required. Despite numerous applications of templating with thermotropic LCs, i.e. in non-aqueous solvents, in water-based systems, there are only sparse examples where unidirectional macroscopic alignment of water-processable soft matter is realised. A major reason for the limited success in aqueous solutions is that conventional water-based amphiphilic lyotropic LCs are notoriously difficult to align in-plane with common surface treatments such as rubbed polyimide. 46, 47 Furthermore, in ion-rich lyotropic (both amphiphilic and chromonic) LC solution, Joule and dielectric heating render electric fields unsuitable as alignment technique.
An additional complication is that an amphiphilic lyotropic LC can readily function as a surfactant that can interfere with the desired self-assembly process of a supramolecular material. 86 In the literature, several examples have appeared that describe the synthesis of a range of soft and hard materials (including 1D nanowires and nanoparticles) in amphiphilic LC templates. 37 The lack of long range in-plane alignment techniques of these lyotropic LC in these examples, however held back their development towards functional 1D nanomaterials on macroscopic device length scales. 94 In only one example, Lagerwall et al. have shown that CNTs can be dispersed in an amphiphilic lyotropic LC matrix, which is uniaxially aligned by applying a magnetic field, resulting in a macroscopic unidirectional orientation of water-dispersed single-walled carbon nanotubes (Fig. 12 ). 145 The use of a template based on a lyotropic chromonic LC is an approach to overcome the disadvantages associated with conventional amphiphilic lyotropic LCs. Despite relatively weak anchoring, LCLC templates have so far been successfully applied to align carbon nanotubes 146 and amphiphilic supramolecular materials 124, 147 on anisotropic polymeric alignment layers.
Besides application in aligning synthetic molecular materials, LCLC templates are slowly making headway into biological systems, such as the organised movement of living bacteria. [82] [83] [84] In these examples, using an LCLC to control the directional motion of bacteria might be a very useful approach for collecting living biomaterials to one specific location for analysis. Moreover, LC templates have the potential to be used far beyond the aspect of solely a matrix for organizing functional materials, but can tailor the properties of the solution. As an example, many bacteria are known to inhabit anisotropic microenvironments (such as fluids rich in various biopolymers) and they accumulate at air/water interfaces. By using an LCLC as a biocompatible 'solvent', both anisotropy and interfacial properties (for instance by forming nematic-isotropic regions at specific concentrations or temperatures of the LCLCs) can be controlled, which allows for future studies of the physical mechanisms behind the dynamic behaviour of motile bacteria and other living biomaterials.
In such an approach, it was found by two groups that the propelling forces generated by different motile bacteria are large enough for them to swim through viscous (anisotropic) LCLC solutions. [82] [83] [84] This is in stark contrast to non-motile particles such as synthetic particles in LCs, which irreversibly aggregate due to attractive elastic forces imposed by the LC on these particles. 93, 106 Additionally, Abbott co-workers found that motile bacteria formed linear multi-cellular assemblies (Fig. 13 ), due to an interplay between the elastic-mediated attractive forces in the LCLC and flagella-derived dissociative forces. 82 This group also studied bacterial motion in the nematicisotropic interfaces of an LCLC. 84 At the cusps of these domains, two topological defects are located, which are known to attract other micron-sized particles in order to reduce the elastic penalties at these locations. In this particular work, once the bacterium encountered such a tactoid, it followed the curved interface until it left the tactoid at the position of the topological defect. Furthermore, by tuning the size of these tactoids (controlled by temperature), the capture and release of the bacteria could be controlled. As the use of LCLCs slowly expands into the biological domain, we can expect many more both creative applications and methodological studies emerging from these tuneable anisotropic biocompatible solutions in conjunction with a wide range of other biomaterials.
For LCT it is not necessary to have specific attractive or repulsive interactions between the material that needs to be aligned and the organising template. A recent example showed that attractive interactions however can be very favourable, 
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leading to a magnification of the templating effect. In this work, a semi-flexible polymer was added to the low concentration LCLC pinacyanol acetate. The interaction between the polymer and the LCLC induced aligned samples at LCLC concentrations far below the concentrations where stable nematic phases are obtained. 148 Macroscopic alignment was observed at concentrations below 0.4% (LCLC + polymer) in aqueous solutions. So far, most work using LCT that we discussed used the technique to realise large-scale uniaxial alignment, which regularly could have been obtained using (uniaxial) electric or magnetic fields. The true power of LCT that distinguishes this approach from other technologies is the addressability of the matrix, which gives access to complex pattern formation and also to high temporal control. In other words, using LCT, the organisation of the guest material inside the LC matrix may be changed in time. Alternatively, it should also be possible to manipulate the structure formation process inside the template by dynamically addressing the anisotropic solvent. We briefly discuss both aspects in the following paragraphs. Higher order parameters should be achievable in higher ordered LC phases, for instance, the columnar phase in thermotropic LCs or the M, N or O phase in chromonic LCs. Such phases, however, also bring practical complications, such as high viscosities.
Specific advantages of liquid crystal templating for organising soft matter
Fortunately, new possibilities have emerged to achieve full spatial control of functional materials due to the development of photosensitive command layers for LC alignment. Besides adoption by the industry as a non-contact alternative to mechanical rubbing of LC display substrates, this technique has also been applied to various functional materials, although liquid crystalline behaviour is required. Examples include organic stimuli-responsive polymeric LC networks, [58] [59] [60] 62, 63, 149 1D LC organic semiconducting polymers and oligomers, 150 and the aligned crystallization of poly(di-nhexylsilane), which forms a columnar LC phase at elevated temperatures. [151] [152] [153] LC functionalization (in order to increase the compatibility with command layers) is often undesired since laborious synthesis steps are necessary which might negatively impact the eventual functionality of the material. As expected, examples of patterned non-LC materials are still sparse; only pentacene was successfully aligned using this approach. [154] [155] [156] Recently, our group applied this command layer approach to spatially pattern self-assembling amphiphilic materials in aqueous LCLC environments in domains of several tens of micrometres. After photopolymerization, these assemblies are transformed in optically active p-conjugated polydiacetylenes. The increased mechanical stability of the assemblies also allows for removal of the LCLC template by a simple washing step (Fig. 14) . 124 Overall, this command layer based LC templating approach might be a powerful route to fully control the spatial organization of a wide range of materials. The LC solvent can be easily patterned on an organised command layer, where in turn it is able to orient various functional materials, ranging from organic semiconducting polymers, aqueous supramolecular materials up to even cells and bacteria.
More complex pattern formation is possible when multiple alignment strategies are applied simultaneously. In this case, susceptibility and response rates become important parameters in structure formation. In a recent example, we studied the structure formation of peptide amphiphiles in a LCLC template in the presence of a magnetic field. The amphiphile assemblies with a positive diamagnetic anisotropy align parallel to the field, but only at relatively high fields. The LC template, however, has a negative diamagnetic anisotropy and aligns perpendicular to the field and, consequently, orients the amphiphile in the same direction, all at a much lower field strength due to the much higher susceptibility of the liquid crystal. In competing conditions, i.e. at high fields, complex structures are formed in multiple dimensions. 157 
Using the dynamic properties of the LC template
Besides complex pattern formation, LCT offers dynamic structure manipulation using external fields. Although this feature distinguishes LCT from any other alignment technique, it is rarely used in practice. In order to benefit from the reorientational properties of the LC matrix, one needs two competing alignment strategies acting at the same time, for instance surface alignment and electric field alignment, analogous to display technology. The electric field dominates the alignment characteristics, but in the absence of the field, the template and the dispersant reorient to follow the alignment dictated by the substrate. For thermotropic LC templates, one can employ commercial display technology to locally apply electric fields with resolutions of tens of microns.
In one example, the dynamic orientation of carbon nanotubes (CNTs) was studied. CNTs have many promising electronic properties, but would benefit from macroscopic alignment. The authors studied their alignment in a LC host as well as their reorientational response. By using a combination of rubbed polyimide and an external switchable electric field, the orientation of both single-wall and multi-wall CNTs was converted by the application of the field, resulting in far higher conductivity when the CNTs are oriented along the field (due to their high anisotropic conductivity along the tubes). 137 This work and also later work 158 describe that the response rate of the dispersant (sub-seconds) is many times lower than the response rate of the liquid crystalline template (ms) (see Fig. 9c and d) .
A photo-addressable command layer/electric field approach was recently followed to allow for reorientation of dispersed functional materials from a 2D patterned substrate. 158 In this example, optically active azobenzene functionalised polyisocyanides were spatially patterned in an organic thermotropic template. The orientation of the highly absorbing spatially in-plane patterned polymers could be reversibly switched by the use of an external electric field. Interestingly, the extent of the rotation of the dispersed polymers is directly related to the strength of the electric field, which allows for another level of spatial control over these materials. Also, the study showed that the inertia of the particles greatly affects their response rate.
In order to successfully apply electric fields to aqueous soft matter, we recently applied a slightly modified LC templating strategy. In this case, LCLCs were not viable, as the samples suffered from Joule and dielectric heating after application of the field. Instead, uniaxial colloidal goethite particles in water were used to control the organization of water-processable supramolecular materials. 147 With this goethite template, dispersed peptide amphiphiles were aligned and positioned by electric fields, which is the first time that synthetic supramolecular or polymeric materials were manipulated through an electric field in aqueous solutions.
Conclusions and outlook
Looking at LC templating in general, the number of potential applications which can be derived from these hybrid techniques is endless, looking at the vast catalogue of materials (with different functionalities) that can be organized as well as the multiple device configurations possible using conventional industrial manufacturing processes. A few potential applications are listed below. For instance, aqueous LC templating can be used for the development of biosensors based on hydrophilic polymer backbones (functionalized with sensing elements) patterned on substrates in between electrodes, which can detect specific (bio)molecules where the macroscopic alignment greatly increases the electrical transduction efficiency. Alternatively, spatially patterned bioscaffolds prepared by LC templating can be used to create cell-seeding islands, but also guide tissue growth (such as neuronal cells) along patterned hydrogels on 2D substrates. In a completely different field, switchable high performance photonic devices might be fabricated from optically active polymeric nanowires dispersed at large concentrations in spatially patterned LC templates with integrated electric fields. Especially since the application of (biologically compatible) chromonic LC templating is in its infancy, many opportunities are waiting to be explored.
In order to benefit from the full capacity of LCT, however, we will need to further develop the formation of complex geometries in 2D or even in 3D. While we discussed 3D strategies for LC alignment in general, these have never been applied to liquid crystal templating. As liquid crystals intrinsically provide order over many length scales, there is ample opportunity to further develop this research field. In addition, the dynamic capabilities of the liquid crystalline template remain underexposed to this date. Some examples have shown that assemblies prepared in the LC matrix indeed realign after application of a field, but one can easily imagine that also the assembly process itself can be manipulated by (dynamically) addressing the liquid crystalline matrix, resulting in different liquid crystal-induced assembly motives. As far as we can see, these opportunities are still completely unexplored to date. 
